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Abstract
Extensive antibiotic use over the years has led to the emergence and spread of antibiotic
resistant bacteria (ARB). Antibiotic resistance poses a major threat to public health since for
many infections antibiotic treatment is no longer effective. Hospitals are focal points for ARB
spread. Antibiotic use in hospitals exerts selective pressure, accelerating the spread of
ARB. We used an agent-based model to explore the impact of antibiotics on the transmis-
sion dynamics and to examine the potential of stewardship interventions in limiting ARB
spread in a hospital. Agents in the model consist of patients and health care workers
(HCW). The transmission of ARB occurs through contacts between patients and HCW and
between adjacent patients. In the model, antibiotic use affects the risk of transmission by
increasing the vulnerability of susceptible patients and the contagiousness of colonized
patients who are treated with antibiotics. The model shows that increasing the proportion of
patients receiving antibiotics increases the rate of acquisition non-linearly. The effect of anti-
biotics on the spread of resistance depends on characteristics of the antibiotic agent and the
density of antibiotic use. Antibiotic’s impact on the spread increases when the bacterial
strain is more transmissible, and decreases as resistance prevalence rises. The individual
risk for acquiring ARB increases in parallel with antibiotic density both for patients treated
and not treated with antibiotics. Antibiotic treatment in the hospital setting plays an important
role in determining the spread of resistance. Interventions to limit antibiotic use have the
potential to reduce the spread of resistance, mainly by choosing an agent with a favorable
profile in terms of its impact on patient’s vulnerability and contagiousness. Methods to mea-
sure these impacts of antibiotics should be developed, standardized, and incorporated into
drug development programs and approval packages.
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Introduction
Antibiotics have drastically reduced deaths and complications caused by bacterial infections
and set the stage for modern medicine [1, 2]. However, the wide use of antibiotics has a price.
Antibiotic use promotes the emergence and spread of resistant strains, leading to the exhaus-
tion of this limited resource. After 70 years of excessive antibiotic use by humans, the World
Health Organization warns that the increase in antibiotic-resistant bacteria (ARB) "threatens
the achievements of modern medicine" [3]. Some predict that soon antibiotic resistance will
lead to more deaths than cancer [4]. Humans can acquire ARB in two ways: occasionally, by de
novo emergence of a mechanism of resistance in an individual patient, or, much more com-
monly, by transmission of bacteria that are already resistant. Some resistance mechanisms
(e.g., VanA, CTX-M extended-spectrum beta-lactamases, KPC and NDM carbapenamases)
arose in human pathogens only in a few instances during evolution, but have become wide-
spread through transmission [5, 6]. Highly transmissible successful bacterial clones (such as E.
faecium CC 17, E. coli ST131 or K. pneumoniae clonal group 258) that carry these mechanisms
of resistance often drives their wide dissemination. Thus, it is transmission that turns rare
events into a major public health problem [7].
For many ARB hospitals are the focal points for spread, with transmission occurring from
patient to patient via contact with contaminated healthcare workers (HCW), other patients, or
objects. The transmission dynamics of ARB in hospitals is therefore influenced by the interac-
tions of patients and HCW and their specific characteristics and behavior [8–10]. In hospitals,
transmission of ARB is accelerated by antibiotic pressure [11–13]. Several observational or
quasi-experimental studies of interventions to reduce the use of certain types of antibiotics in
hospitals reported a subsequent decline in ARB [14–16]; one modeling study found that limit-
ing antibiotic use could decrease or increase ARB, depending on the antibiotic class [17].
Antibiotic treatment may facilitate the transmission of ARB in two ways. First, antibiotics
disrupt the commensal flora that protect against colonization by invading bacteria, increasing
patients’ vulnerability to acquire new strains [18]. Thus, patients who are exposed to ARB dur-
ing or shortly after antibiotic treatment are at a higher risk of becoming colonized [19–21].
Studies have reported a 2-9-fold increased risk of ARB acquisition among patients treated with
various antibiotics; this increased risk differs between antibiotic agents [22–24]. Second, in
patients who are already colonized by ARB, antibiotics eradicate competing commensal organ-
isms that are antibiotic-sensitive, allowing overgrowth of those that are resistant. The increased
load of ARB leads to enhanced shedding and thus to greater contagiousness [19, 23]. Studies
have measured a 3.5–5.3 fold greater risk for ARB contamination in the immediate surround-
ings of colonized patients who received antibiotics, and have linked antibiotic use with colo-
nized patients who were heavy dispersers [24, 25]. Furthermore, colonized patients not treated
with antibiotics were found to have an 80% lower risk of room contamination [26].
The proportion of patients treated with antibiotics in hospitals varies greatly, between 21%
and 55% according to European reports [27]. Even greater variation (up to 22-fold) is found
when examining specific antibiotic agents used in different wards housing patients with simi-
lar characteristics [28]. This high variability suggests that the use of antibiotics is amendable.
Here, we used an agent-based model (ABM) to investigate the impact of antibiotic treat-
ment on the transmission dynamics of ARB in a hospital, and the potential of antibiotic stew-
ardship interventions in limiting the spread. The ABM enables us to answer questions where
controlled experimentation is complex and may not be feasible [29–31]. We address the overall
effect of antibiotic pressure on the spread of resistance under various conditions of antibiotic
density, antibiotic agents’ characteristics, prevalence level of ARB, and the contagiousness of
the ARB strain.
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Materials and methods
Model overview
The model is implemented in GAMA 1.7 modeling environment [http://gama-platform.org/].
The setting of the model is a typical hospital (Table 1). Agents consist of patients and health
care workers (HCW). Contacts between patients and HCW and between adjacent patients are
explicitly simulated; these contacts may result in transmission of ARB. Patients admitted to the
hospital are assigned to an available bed in one of the wards and their length of stay (LOS) is
determined based on a random draw from a lognormal distribution. A fraction of admitted
patients is already colonized; since ARB carriage is correlated with an extended length of stay,
colonized patients are assigned with LOS from a lognormal distribution with a higher average
[32–34] (Table 1). In addition, acquisition of ARB during hospital stay prolongs the patient’s
stay. In accordance with studies on the average duration of colonization we assume that
patients remain colonized for the whole duration of their stay [34–38]. On admission, a frac-
tion of patients are prescribed antibiotic treatment. We define two types of antibiotic effect on
treated patient: V-type is the increase in the vulnerability of a susceptible patient to acquire
ARB and represents the fold increase in the risk of acquisition; C-type is the increase in the
contagiousness of a colonized patient and represents the fold increase in the risk of the patient
to transmit ARB. The duration of the treatment is assigned for 10 days or until the patient is
discharged (in case patient’s LOS is less than10 days). We consider the prescription of antibiot-
ics as independent of the colonization state of the patient; that is, the antibiotics are prescribed
to treat or prevent infections caused by other pathogens. Ward staff are assigned to specific
patients within a single ward: each ward staff member is responsible for 8 patients within the
ward ("staff cohorting"). General hospital staff members are not affiliated with a single ward;
they can have contact with patients in any of the wards. Each type of HCW is characterized by
a contact frequency with patients and can be transiently contaminated with ARB during a con-
tact with a colonized patient. ARB contamination is cleared if infection control measures such
as hand hygiene are implemented by HCW before or after contact with a patient.
Table 1. Hospital parameters used in the simulations.
Parameter Value Note
Hospital
Capacity 800 beds
Number of wards 20 40 patients per ward
HCW
Ward staff 5 per ward
General hospital staff 80 Moves across wards
Ward staff contact with patients 4 per hour Assigned to 8 patients
General hospital staff contact with patients 3 per hour
Compliance with standard
infection control
50% of opportunities Hand hygiene opportunities are
before and after contact with a patient
Patients
Average LOS, susceptible 6 days Lognormal distribution
Average LOS, colonized 12 days Lognormal distribution
Extension of LOS after acquiring ARB 50%
Percent colonized on admission 1% or 10%
https://doi.org/10.1371/journal.pone.0197111.t001
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Transmission of ARB and the impact of antibiotic treatment
ARB transmission is defined by three basic probabilities: a) βP—probability of susceptible
patients to acquire ARB during contact with a contaminated HCW; b) βH—probability of
HCW contamination during contact with a colonized patient; c) α- probability per day of sus-
ceptible patients to acquire ARB from an adjacent colonized patient. In the model, antibiotic
use increases the risk of transmission. V and C represent the fold increase in the risk of ARB
acquisition (for susceptible patient) or of transmission (for colonized patient), respectively,
during antibiotic treatment. When antibiotic is not used by the patient then V = 1 and C = 1.
The following equations determine the probability of transmission between agents:
Probability for susceptible patient to acquire ARB (Pp_by_p) from an adjacent colonized
patient, per day:
Pp by p ¼ a  V  C ð1Þ
Probability for susceptible patient to acquire ARB (Pp_by_h) during a contact with a contam-
inated HCW:
Pp by h ¼ bP  V ð2Þ
Probability for HCW to be contaminated (Ph_by_p) during a contact with a colonized
patient:
Ph by p ¼ bH  C ð3Þ
Simulation experiments
Transmission probabilities are based on values estimated in the literature. Since the estimated
values in those studies include the impact of antibiotics (the study population includes a mix
of patients treated and not treated with antibiotics), we selected values slightly lower than what
was found in the literature as the baseline probabilities for patients who are not treated with
antibiotics. (Table 2). Patient-to-patient transmission probability (α) is based on studies that
estimated acquisition risk in patients whose prior room occupant was a carrier of ARB. Using
simulations, we examine the influence of 4 different variables on transmission of ARB:
1. Characteristics of the antibiotic agent: the fold increase in the risk of ARB acquisition (V)
or transmission (C) during antibiotic treatment; these values vary in simulations between 1
and 4. The tested values are within the range of increased risk for acquisition observed
among patients treated with various antibiotics [23–25], and the increased risk for ARB
shedding and contamination of the surroundings by colonized patients who received anti-
biotics [20, 24–26].
2. Antibiotic density: the prevalence of antibiotic use is varied by changing either the propor-
tion of admitted patients which are treated with antibiotics (0–100%) or the duration of
antibiotic treatment (7 or 10 days).
Table 2. Baseline transmission probabilities, by ARB strain.
Transmission probabilities ARB-L ARB-H Values cited in the literature Source
βH−Contamination of a HCW from a colonized patient, per contact 5% 10% 6%-40% [39–44]
βP−Transmission from a contaminated HCW to a susceptible patient, per contact 2.5% 5% 6%-20% [23, 39–41]
α–Transmission from a colonized patient to a susceptible adjacent patient, per day 0.5% 1% 1%-3% [45–47]
https://doi.org/10.1371/journal.pone.0197111.t002
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3. ARB prevalence among admitted patients: an early stage of ARB spread in which 1% of
admitted patients are carriers, and an endemic stage in which 10% are carriers.
4. Transmissibility of the ARB: a less transmissible strain (ARB-L) and a highly transmissible
strain (ARB-H) (Table 2).
For each scenario, the average of 100 simulations is presented as the results.
Results
The effect of antibiotic characteristics
Antibiotic agents may differ in their effects on patients’ vulnerability (V) and contagiousness
(C). The effect of these antibiotic characteristics on the transmission of ARB was examined.
Transmission of ARB-L and ARB-H was simulated for various combinations of V and C. In
these simulations 1% of admitted patients carry the ARB strain and 40% of admitted patients
receive antibiotics.
Under conditions of no antibiotic pressure (C = 1 and V = 1, the antibiotic agent does not
change contagiousness or vulnerability), the acquisition incidence for the ARB-L strain is 20
per 100,000 patient-days (PD) (Fig 1A, right axis, green line at V = 1). When an antibiotic
agent that increases either V or C is used, the acquisition rate increases; a synergistic effect on
the incidence of ARB acquisition is seen when an antibiotic agent that increases both V and C
is used. For example, when an agent that increases both vulnerability and contagiousness of
the treated patient by four folds (V = 4, C = 4) is used, the incidence rate increases by 230%
(from 20 to 66 acquisitions per 100,000 PD) (Fig 1A). For the more transmissible strain
ARB-H, the baseline acquisition incidence with no antibiotic pressure is much higher: 115
acquisitions per 100,000 PD (Fig 1B, right axis, green line at V = 1). When an antibiotic
increases vulnerability and contagiousness by four folds (V = 4, C = 4) is used, the incidence
rate increases by 679% and reaches 896 acquisitions per 100,000 PD (Fig 1B). Thus, antibiotic
Fig 1. Impact of antibiotic characteristics on acquisition of ARB. Increase in incidence of acquisition (left axis) of (A) strain ARB-L and (B) strain
ARB-H relative to no antibiotic impact, and ARB acquisitions per 100,000 patient days (PD) (right axis) for various values of an antibiotic’s impact on
vulnerability (V) of susceptible patients and on contagiousness (C) of colonized patients. In the simulated scenario 40% of admissions receive
antibiotics and 1% of patients are colonized on admission. Note that when V = 1 and C = 1, antibiotics have no effect on acquisition, or, alternatively,
no patients are receiving antibiotics.
https://doi.org/10.1371/journal.pone.0197111.g001
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treatment has a greater impact on transmission when the ARB strain is more transmissible.
Furthermore, as the impact of the antibiotic increases, ARB transmission increases non-line-
arly, approaching exponential increase for a highly transmissible strain.
We can also infer that an antibiotic’s effect on increasing the vulnerability of susceptible
patients has a greater influence on acquisition dynamics than its effect on increasing the con-
tagiousness of colonized patients. Fig 1B depicts this difference in the case of ARB-H. When
using an antibiotic agent that does not increase vulnerability (V = 1) but increases contagious-
ness by 2–4 fold (2 C 4), the acquisition rate relative to no antibiotic effect increases by
23% - 67% (moving vertically from the blue to the red line in Fig 1B). When using an antibiotic
agent that does not increase contagiousness (C = 1) but increases vulnerability by 2–4 fold
(2 V 4), the acquisition rate relative to no antibiotic effect increases by 50% - 230% (green
line in Fig 1B). This is also true, but to a lesser degree, in the case of the less transmissible ARB
strain (Fig 1A).
The impact of antibiotic density on incidence of ARB acquisition
We varied antibiotic density by changing the proportion of admitted patients prescribed anti-
biotics for 10 days, and explored the effect on the incidence of ARB-L and ARB-H acquisition.
In these simulations we modeled an antibiotic that doubles both vulnerability and contagious-
ness (V = 2, C = 2), and an early stage of ARB spread (1% are carriers upon admission). The
simulations demonstrated that an increase in antibiotic density leads to a non-linear increase
in the incidence of ARB acquisition, which approaches exponential increase in the case of
ARB-H (Fig 2). When antibiotic density is high, the slope of ARB acquisition is steeper, indi-
cating that reductions in antibiotic use will have a greater impact on ARB transmission in set-
tings with high antibiotic density. Comparing the two resistant strains shows that the impact
Fig 2. Increase in ARB acquisitions relative to no antibiotic use as antibiotic density increases. The ARB
prevalence on admission is 1%, and antibiotic impact is V = 2, C = 2. With no antibiotic use, the number of ARB
acquisitions per 100,000 patient-days is 20 for ARB-L and 115 for ARB-H. The % increase in incidence (y axis) refers
to these baseline rates.
https://doi.org/10.1371/journal.pone.0197111.g002
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of antibiotic treatment on the transmission rate is greater for ARB-H than for ARB-L. This
suggests that the spread of highly transmissible ARB is much more sensitive to changes in anti-
biotic density, particularly in high antibiotic density conditions.
The impact of antibiotic density on the individual risk for ARB acquisition
To examine the significance of ARB prevalence on transmission dynamics, we modeled an anti-
biotic agent that doubles vulnerability and contagiousness (V = 2, C = 2). We varied antibiotic
density by changing the proportion of admitted patients treated with antibiotics. Simulations
included both early and established stages of ARB spread (1% vs. 10% carriers upon admission).
First, we examined how increasing antibiotic density affects the incidence of acquisition of
ARB-H and ABR-L compared to a baseline transmission with no antibiotic use (Fig 3, solid
line, right axis). In both stages of ARB spread an increase in antibiotic density leads to an
increase in ARB acquisitions. However, in the stage where of ARB spread is established, the
impact of antibiotic density on ARB transmission is lower. For instance, in the early stage of
spread at high antibiotic density (80% of admitted patients are treated) incidence increase by
260% (Fig 3A) compared to 114% in an established stage of the spread (Fig 3B). This elevated
impact in early stage of the spread is more moderate in case of ARB-L (Fig 3C and 3D).
Increasing antibiotic density affects an individual patient’s risk of acquiring ARB. We mea-
sured the risk as the probability of acquisition during a typical hospital stay of 6 days. The
probability of acquisition for a patient not treated with antibiotics is calculated as: the number
of patients not treated with antibiotics who acquired ARB divided by the total number of
patients not treated with antibiotics.
The probability of acquisition for a patient treated with antibiotics is calculated as: the num-
ber of patients treated with antibiotics who acquired ARB divided by the total number of
patients treated with antibiotics. Since the average antibiotic treatment time was 4.5 days, we
adjusted the probability to account for 6 days with antibiotic treatment.
The individual risk increases in parallel to the proportion of patients treated with antibiotics
(Fig 3, bars, left axis). This is true both for patients treated and not treated with antibiotics. In
the scenario of an early stage of spread, the resulting risk to an individual patient of acquiring
ARB-H is 0.85% when no patients receive antibiotics (Fig 3A). When 20% of admitted patients
are treated with antibiotics, the risk for a patient who is treated with antibiotics nearly doubles
to 1.5% (Fig 3B, black bar). The risk increases 4-fold (to 3.4%) when 80% of admitted patients
receive antibiotics, and doubles to 1.95% for patients not treated (Fig 3A). In an established
stage of ARB spread, the risk for a patient treated with antibiotics doubles to 8% when 20% of
patients admitted receive antibiotics, and nearly triples to 11% when 80% of admissions receive
antibiotics. In an established stage of ARB spread, the effect of antibiotic density on the acqui-
sitions is more modest; in an-early stage, increasing antibiotic density from 20% to 40%
increases the risk of acquisition by 40% compared to only 20% in an established stage. Similar
effects on an individual’s risk for acquisition is also evident for ARB-L, but to a lesser degree
(Fig 3C and 3D).
Antibiotic stewardship interventions
Last, we explored the potential effect of antibiotic stewardship interventions recommended
by the Infectious Diseases Society of America (IDSA) and the Society for Healthcare Epidemi-
ology of America (SHEA) in order to limit resistance [48]. We examined interventions that
decrease the number of patients treated with antibiotics, shorten the duration of antibiotic
courses, and replace antibiotic agents with high impact values (V and C) with ones with low
impact. The simulated scenarios included 1% and 10% prevalence of ARB-H colonization on
Transmission of antibiotic resistance
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admission. ARB-H acquisitions following the simulated intervention were compared to a ref-
erence scenario in which 40% of admissions receive antibiotic agent A with pronounced effects
on vulnerability and contagiousness (V = 4, C = 4) for 10 days.
As presented in Fig 4, stewardship interventions can significantly decrease transmission.
The relative impact of the intervention on ARB transmission is higher at an early stage of ARB
spread, when 1% of admitted patients are carriers, than when ARB spread is established and
10% are carriers. In the most comprehensive intervention scenario, when the proportion of
admitted patients who receive antibiotics is reduced from 40% to 20%, the duration of treat-
ment is reduced from 10 to 7 days, and an antibiotic agent with a lower impact is used
Fig 3. Individual risk for ARB acquisition. Probability of ARB-H and ARB-L acquisition during a 6-day hospital stay for patients
treated and not treated with antibiotics (left axis) and the increase in incidence relative to the scenario without antibiotic use (right
axis); (A) 1% of admissions are colonized with ARB-H (B) 10% of admissions are colonized with ARB-H (C) 1% of admissions are
colonized with ARB-L (D) 10% of admissions are colonized with ARB-L. Antibiotic agent impact: V = 2, C = 2.
https://doi.org/10.1371/journal.pone.0197111.g003
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(scenario I), acquisitions decreased by 83% and 59%, depending on the prevalence of coloniza-
tion on admission. In scenario VI, merely shortening the length of treatment from 10 to 7 days
reduced acquisitions by 28%. It is also striking that by switching to an antibiotic agent with a
lower impact (antibiotic type B) acquisitions were reduced by 75% and 48%, for prevalence of
1% and 10% carriage on admission, respectively (scenario II).
Our results are based on a hospital with characteristics as specified in Table 1. In order to
examine how variation in hospital characteristics impacts the ARB-H acquisition rate, we con-
ducted a sensitivity analysis for the nurse-patient ratio, nurses’ compliance with infection con-
trol measures, and number of patients per ward (S1 Fig). Nurses’ compliance has the strongest
impact on the rate of ARB-H acquisition: reducing compliance from 50% to 40% more than
triples acquisitions, while increasing compliance from 50% to 60% reduces acquisitions by
more than half. Reducing the number of patients per ward from 40 to 8 decreases ARB-H
acquisitions by 15% -20%. Varying the nurse-patient ratio does not significantly impact the
acquisition rate. In all these scenarios, the relative impact of increased antibiotic density on the
ARB-H acquisition rate remains similar.
Discussion
Transmission is the main driver for the spread of most ARB. Controlled experiments to study
the effect of antibiotic interventions to reduce transmission of ARB at the hospital level are dif-
ficult to perform because of the need to control all potential confounders. This is especially
challenging because antibiotic interventions are often implemented as part of a bundle of
infection control measures that affect ARB transmission [49].
Therefore, we used ABM to understand the effect of antibiotics on the transmission dynam-
ics and the potential of stewardship interventions. We demonstrated that an increase in antibi-
otic use increases the incidence of ARB acquisition. At the individual level, the patient’s risk
Fig 4. The effect of various antibiotic stewardship interventions on the daily number of ARB-H acquisitions. Prevalence of colonization among admitted
patients is 1% and 10%. The note above each bar describes a scenario; % refers to the proportion of admitted patients treated with antibiotics; type is the antibiotic
agent, where the characteristics of antibiotic type A are C = 4, V = 4 and of antibiotic type B are C = 2 and V = 2; days refer to duration of treatment. Percentage
inside the bar indicates reduction in acquisition relative to the reference scenario.
https://doi.org/10.1371/journal.pone.0197111.g004
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increases in parallel with antibiotic density, not only for patients treated with antibiotics but
also for those not treated. These effects translate into an exponential increase in incidence of
ARB acquisitions when antibiotic density increases and when the antibiotic agent has a high
affect.
We found that characteristics of the antibiotic agent used, i.e., its effect on contagiousness
and vulnerability, are crucial in determining the antibiotic’s impact on the spread of resistance.
Our models showed that choosing an agent with a favorable profile in terms of V and C is an
important antibiotic stewardship intervention. Yet, in the real world these effects are under-
studied and the values of V and C for different antibiotic agents are mostly unknown. More-
over, it is very likely that each antibiotic agent has different effects for different ARB. Methods
to measure the effects of C and V of antibiotics should be developed and standardized and
should be incorporated into drug development programs and drug approval packages.
Our simulations revealed that antibiotic density affects ARB transmission more consider-
ably in the early stages of antibiotic resistance spread, when prevalence among admitted
patients is low. Antibiotics have a greater impact on the incidence of ARB acquisition when
the ARB strain is highly transmissible. Since highly transmissible strains pose a greater risk to
become widespread, antibiotic stewardship interventions can be a powerful tool to combat
their spread. We found that reducing antibiotic density has a greater impact on the incidence
of ARB acquisition in settings of high antibiotic use. This is an important finding, as variability
in antibiotic use between similar wards suggests that reduction in antibiotic density can be
achieved in high use settings; such reductions will result in a highly beneficial effect on acquisi-
tion of ARB.
Antibiotic use can be viewed as "tragedy of the commons" where individuals, for their own
good, exploit a shared limited resource, eventually leading to its depletion [50, 51]. Antibiotic
treatment is sometimes portrayed as beneficial at the individual patient level and harmful at
the population level [52]. In contrast to this belief, our simulations reveal that the risk of ARB
acquisition for a patient treated with antibiotic is substantial in high antibiotic density environ-
ments. Clinicians need to recognize this risk when considering antibiotic therapy for their
patients in view of the fact that studies suggest that colonization will progress to clinical infec-
tion in 8%- 30% of patients colonized by ARB [53–55].
Our study has several limitations. First, we did not take into account the effect of antibiotics
on de novo emergence of resistance. Second, for simplicity in our scenarios, all antibiotics used
in the hospital have uniform characteristics. In the real world a mixture of agents are used
simultaneously. This should not change the conclusions derived from our results but will
make translation into the hospital setting more complex. Third, we modeled a typical hospital
with certain transmission and infection control characteristics. The sensitivity analysis we con-
ducted indicates that the level of staff member compliance with infection control has a signifi-
cant impact on the rate of acquisitions but the relative effects of antibiotics on the spread of
ARB are consistent.
In conclusion, our simulations demonstrate that antibiotic treatment in the hospital setting
plays an important role in determining the spread of resistance. It shows that interventions to
limit antibiotic use have the potential to rapidly reduce the spread of resistance, and that the
risk to the individual patient treated with antibiotics of acquiring antibiotic-resistant bacteria
is substantial.
Supporting information
S1 Fig. Sensitivity analysis of the impact of antibiotic density on acquisition of ARB under
various hospital characteristics. ARB acquisitions per 100,000 patient days (PD) as antibiotic
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density increases. (A) The level of nurses’ compliance with infection control is: 40%, 50% and
60%; (B) Number of patients per ward is: 8, 16 and 40; (C) Nurse-patient ratio is: 1:8, 1:4, 1:2.
In all simulations the resistant bacteria is ARB-H, the characteristics of the antibiotic agent are
V = 2 and C = 2, and prevalence of colonization among admitted patients is 1%.
(DOCX)
Acknowledgments
The authors would like to thank Tali De-Medina Carmeli for her critical reading and assis-
tance with drafting the manuscript.
The DRIVE-AB consortium members: Gyssens Inge, Eisenstein Barry, Hermsen Elizabeth,
Carmeli Yehuda, Longshaw Chris, Murillo Nathalia, Laxminarayan Ramanan, Rex John, Årdal
Christine, Ciabuschi Francesco, Findlay David, Rankin Richard, Røttingen John-Arne, Har-
barth Stephan, Hackett Judith, Theuretzbacher Ursula, Mahoney Nicole, Nolet Brigitte.
Author Contributions
Conceptualization: Jonatan Almagor, Elizabeth Temkin, Itzhak Benenson, Yehuda Carmeli.
Data curation: Jonatan Almagor, Elizabeth Temkin, Noga Fallach, Yehuda Carmeli.
Formal analysis: Jonatan Almagor.
Funding acquisition: Yehuda Carmeli.
Investigation: Jonatan Almagor.
Methodology: Jonatan Almagor, Itzhak Benenson, Yehuda Carmeli.
Project administration: Elizabeth Temkin, Yehuda Carmeli.
Resources: Yehuda Carmeli.
Software: Jonatan Almagor.
Supervision: Itzhak Benenson, Yehuda Carmeli.
Validation: Jonatan Almagor, Yehuda Carmeli.
Visualization: Jonatan Almagor, Elizabeth Temkin, Yehuda Carmeli.
Writing – original draft: Jonatan Almagor, Elizabeth Temkin, Yehuda Carmeli.
Writing – review & editing: Jonatan Almagor, Elizabeth Temkin, Itzhak Benenson, Noga Fal-
lach, Yehuda Carmeli.
References
1. Friedman ND, Temkin E, Carmeli Y. The negative impact of antibiotic resistance. ClinMicrobiol Infect.
2016; 22: 416–422.
2. Teillant A, Gandra S, Barter D, Morgan DJ, Laxminarayan R. Potential burden of antibiotic resistance
on surgery and cancer chemotherapy antibiotic prophylaxis in the USA: a literature review and model-
ling study. Lancet Infect Dis. 2015; 15: 1429–1437. https://doi.org/10.1016/S1473-3099(15)00270-4
PMID: 26482597
3. World Health Organization, Antimicrobial resistance: global report on surveillance (WHO, 2014; http://
apps.who.int/iris/bitstream/10665/112642/1/9789241564748_eng.pdf), p. ix.
4. O’Neill J. Antimicrobial Resistance: Tackling a crisis for the health and wealth of nations. 2014. Review
on Antimicrobial Resistance. London, 2014. Available from: https://amr-review.org/sites/default/files/
AMRReviewPaper-Tacklingacrisisforthehealthandwealthofnations_1.pdf
Transmission of antibiotic resistance
PLOS ONE | https://doi.org/10.1371/journal.pone.0197111 May 14, 2018 11 / 14
5. Poirel L, Kampfer P, Nordmann P. Chromosome-encoded Ambler class A beta-lactamase of Kluyvera
georgiana, a probable progenitor of a subgroup of CTX-M extended-spectrum beta-lactamases. Antimi-
crob Agents Chemother. 2002; 46: 4038–4040. https://doi.org/10.1128/AAC.46.12.4038-4040.2002
PMID: 12435721
6. Freitas AR, Tedim AP, Francia MV, Jensen LB, Novais C, Peixe L, et al. Multilevel population genetic
analysis of vanA and vanB Enterococcus faecium causing nosocomial outbreaks in 27 countries (1986–
2012). J Antimicrob Chemother. 2016; 71: 3351–3366. https://doi.org/10.1093/jac/dkw312 PMID:
27530756
7. Mathers AJ, Peirano G, Pitout JD. The role of epidemic resistance plasmids and international high-risk
clones in the spread of multidrug-resistant Enterobacteriaceae. Clin Microbiol Rev. 2015; 28: 565–591.
https://doi.org/10.1128/CMR.00116-14 PMID: 25926236
8. Pittet D, Hugonnet S, Harbarth S, Mourouga P, Sauvan V, Touveneau S, et al. Effectiveness of a hospi-
tal-wide programme to improve compliance with hand hygiene. Lancet. 2000; 356: 1307–1312. PMID:
11073019
9. Hugonnet S, Harbarth S, Sax H, Duncan RA, Pittet D. Nursing resources: a major determinant of noso-
comial infection? Curr Opin Infect Dis. 2004; 17: 329–333. PMID: 15241077
10. Schwaber MJ, Klarfeld-Lidji S, Navon-Venezia S, Schwartz D, Leavitt A, Carmeli Y. Predictors of carba-
penem-resistant Klebsiella pneumoniae acquisition among hospitalized adults and effect of acquisition
on mortality. Antimicrob Agents Chemother. 2008; 52: 1028–1033. https://doi.org/10.1128/AAC.01020-
07 PMID: 18086836
11. Albrich WC, Monnet DL, Harbarth S. Antibiotic selection pressure and resistance in Streptococcus
pneumoniae and Streptococcus pyogenes. Emerging Infect Dis. 2004; 10: 514–517. https://doi.org/10.
3201/eid1003.030252 PMID: 15109426
12. Fridkin SK, Edwards JR, Courval JM, Hill H, Tenover FC, Lawton R, et al. The effect of vancomycin and
third-generation cephalosporins on prevalence of vancomycin-resistant enterococci in 126 US adult
intensive care units. Ann Intern Med. 2001; 135: 175–183. PMID: 11487484
13. Polk RE, Johnson CK, McClish D, Wenzel RP, Edmond MB. Predicting hospital rates of fluoroquino-
lone-resistant Pseudomonas aeruginosa from fluoroquinolone use in US hospitals and their surround-
ing communities. Clin Infect Dis. 2004; 39: 497–503. https://doi.org/10.1086/422647 PMID: 15356812
14. Lepper PM, Grusa E, Reichl H, Hogel J, Trautmann M. Consumption of imipenem correlates with beta-
lactam resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2002; 46: 2920–2925.
https://doi.org/10.1128/AAC.46.9.2920-2925.2002 PMID: 12183248
15. Rahal JJ, Urban C, Horn D, Freeman K, Segal-Maurer S, Maurer J, et al. Class restriction of cephalo-
sporin use to control total cephalosporin resistance in nosocomial Klebsiella. JAMA. 1998; 280: 1233–
1237. PMID: 9786372
16. Carling P, Fung T, Killion A, Terrin N, Barza M. Favorable impact of a multidisciplinary antibiotic man-
agement program conducted during 7 years. Infect Control Hosp Epidemiol. 2003; 24: 699–706. https://
doi.org/10.1086/502278 PMID: 14510254
17. Kardaś-Słoma L, Boe¨lle PY, Opatowski L, Guillemot D, Temime L. Antibiotic reduction campaigns do
not necessarily decrease bacterial resistance: the example of methicillin-resistant S. aureus. Antimicrob
Agents Chemother. 2013; 57: 4410–4416. https://doi.org/10.1128/AAC.00711-13 PMID: 23817383
18. Pamer EG. Resurrecting the intestinal microbiota to combat antibiotic-resistant pathogens. Science.
2016; 352: 535–538. https://doi.org/10.1126/science.aad9382 PMID: 27126035
19. Samore MH, Lipsitch M. Antimicrobial use and antimicrobial resistance: a population perspective.
Emerg Infect Dis 2002; 8: 347–54. https://doi.org/10.3201/eid0804.010312 PMID: 11971765
20. Carmeli Y, Eliopoulos GM, Samore MH. Antecedent treatment with different antibiotic agents as a risk
factor for vancomycin-resistant Enterococcus. Emerg Infect Dis. 2002; 8: 802–807. https://doi.org/10.
3201/eid0808.010418 PMID: 12141965
21. Tacconelli E, De Angelis G, Cataldo MA, Mantengoli E, Spanu T, Pan A, et al. Antibiotic usage and risk
of colonization and infection with antibiotic-resistant bacteria: a hospital population-based study. Antimi-
crob Agents Chemother. 2009; 53: 4264–4269. https://doi.org/10.1128/AAC.00431-09 PMID:
19667289
22. Graffunder EM, Preston KE, Evans AM, Venezia RA. Risk factors associated with extended-spectrum
beta-lactamase-producing organisms at a tertiary care hospital. J Antimicrob Chemother. 2005; 56:
139–145. https://doi.org/10.1093/jac/dki180 PMID: 15917283
23. Donskey CJ, Chowdhry TK, Hecker MT, Hoyen CK, Hanrahan JA, Hujer AM, et al. Effect of antibiotic
therapy on the density of vancomycin-resistant enterococci in the stool of colonized patients. N Engl J
Med. 2000; 343: 1925–1932. https://doi.org/10.1056/NEJM200012283432604 PMID: 11136263
Transmission of antibiotic resistance
PLOS ONE | https://doi.org/10.1371/journal.pone.0197111 May 14, 2018 12 / 14
24. Cheng V, Li I, Wu A, Tang B, Ng K, To K, et al. Effect of antibiotics on the bacterial load of meticillin-
resistant Staphylococcus aureus colonisation in anterior nares. J Hosp Infect. 2008; 70: 27–34.
25. Wang J, Wang M, Huang Y, Zhu M, Wang Y, Zhuo J, et al. Colonization pressure adjusted by degree of
environmental contamination: a better indicator for predicting methicillin-resistant Staphylococcus
aureus acquisition. Am J Infect Control. 2011; 39: 763–769. https://doi.org/10.1016/j.ajic.2010.11.012
PMID: 21600671
26. Drees M, Snydman DR, Schmid CH, Barefoot L, Hansjosten K, Vue PM, et al. Antibiotic exposure and
room contamination among patients colonized with vancomycin-resistant enterococci. Infect Control
Hosp Epidemiol. 2008; 29: 709–715. https://doi.org/10.1086/589582 PMID: 18631116
27. European Centre for Disease Prevention and Control. Point prevalence survey of healthcare associated
infections and antimicrobial use in European acute care hospitals. Stockholm: ECDC; 2013. Available
from: https://ecdc.europa.eu/sites/portal/files/media/en/publications/Publications/healthcare-
associated-infections-antimicrobial-use-PPS.pdf.
28. Shalit I, Low M, Levy E, Chowers M, Zimhony O, Riesenberg K, et al. Antibiotic use in 26 departments
of internal medicine in 6 general hospitals in Israel: variability and contributing factors. J Antimicrob Che-
mother. 2008; 62: 196–204. https://doi.org/10.1093/jac/dkn150 PMID: 18400806
29. Temime L, Opatowski L, Pannet Y, Brun-Buisson C, Boelle PY, Guillemot D. Peripatetic health-care
workers as potential superspreaders. Proc Natl Acad Sci U S A. 2009; 106: 18420–18425. https://doi.
org/10.1073/pnas.0900974106 PMID: 19841263
30. Kardas-Sloma L, Boelle PY, Opatowski L, Brun-Buisson C, Guillemot D, Temime L. Impact of antibiotic
exposure patterns on selection of community-associated methicillin-resistant Staphylococcus aureus in
hospital settings. Antimicrob Agents Chemother. 2011; 55: 4888–4895. https://doi.org/10.1128/AAC.
01626-10 PMID: 21788461
31. Lee BY, Wong KF, Bartsch SM, Yilmaz SL, Avery TR, Brown ST, et al. The Regional Healthcare Eco-
system Analyst (RHEA): a simulation modeling tool to assist infectious disease control in a health sys-
tem. J Am Med Inform Assoc. 2013; 20: e139–46. https://doi.org/10.1136/amiajnl-2012-001107 PMID:
23571848
32. De Angelis G, Allignol A, Murthy A, Wolkewitz M, Beyersmann J, Safran E, et al. Multistate modelling to
estimate the excess length of stay associated with meticillin-resistant Staphylococcus aureus colonisa-
tion and infection in surgical patients. J Hosp Infect. 2011; 78: 86–91. https://doi.org/10.1016/j.jhin.
2011.02.003 PMID: 21481492
33. Stone PW, Gupta A, Loughrey M, Della-Latta P, Cimiotti J, Larson E, et al. Attributable costs and length
of stay of an extended-spectrum beta-lactamase-producing Klebsiella pneumoniae outbreak in a neo-
natal intensive care unit. Infect Control Hosp Epidemiol. 2003; 24: 601–606. https://doi.org/10.1086/
502253 PMID: 12940582
34. Scanvic A, Denic L, Gaillon S, Giry P, Andremont A, Lucet JC. Duration of colonization by methicillin-
resistant Staphylococcus aureus after hospital discharge and risk factors for prolonged carriage. Clin
Infect Dis. 2001; 32: 1393–1398. https://doi.org/10.1086/320151 PMID: 11317238
35. Marschall J, Mu¨hlemann K. Duration of methicillin-resistant Staphylococcus aureus carriage, according
to risk factors for acquisition. Infect Control Hosp Epidemiol. 2006; 27: 1206–1212. https://doi.org/10.
1086/507917 PMID: 17080378
36. O’Fallon E, Gautam S, D’Agata EM. Colonization with multidrug-resistant gram-negative bacteria: pro-
longed duration and frequent cocolonization. Clin Infect Dis. 2009; 48: 1375–1381. https://doi.org/10.
1086/598194 PMID: 19348593
37. Shenoy ES, Paras ML, Noubary F, Walensky RP, Hooper DC. Natural history of colonization with methi-
cillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE): a sys-
tematic review. BMC Infect Dis. 2014; 14: 177. https://doi.org/10.1186/1471-2334-14-177 PMID:
24678646
38. Bar-Yoseph H, Hussein K, Braun E, Paul M. Natural history and decolonization strategies for ESBL/car-
bapenem-resistant Enterobacteriaceae carriage: systematic review and meta-analysis. J Antimicrob
Chemother. 2016; 71: 2729–2739. https://doi.org/10.1093/jac/dkw221 PMID: 27317444
39. Austin DJ, Bonten MJ, Weinstein RA, Slaughter S, Anderson RM. Vancomycin-resistant enterococci in
intensive-care hospital settings: transmission dynamics, persistence, and the impact of infection control
programs. Proc Natl Acad Sci U S A. 1999; 96: 6908–6913. PMID: 10359812
40. D’Agata EM, Webb G, Horn M. A mathematical model quantifying the impact of antibiotic exposure and
other interventions on the endemic prevalence of vancomycin-resistant enterococci. J Infect Dis. 2005;
192: 2004–2011. https://doi.org/10.1086/498041 PMID: 16267774
41. D’Agata EM, Magal P, Olivier D, Ruan S, Webb GF. Modeling antibiotic resistance in hospitals: the
impact of minimizing treatment duration. J Theor Biol. 2007; 249: 487–499. https://doi.org/10.1016/j.jtbi.
2007.08.011 PMID: 17905310
Transmission of antibiotic resistance
PLOS ONE | https://doi.org/10.1371/journal.pone.0197111 May 14, 2018 13 / 14
42. McBryde E, Bradley L, Whitby M, McElwain D. An investigation of contact transmission of methicillin-
resistant Staphylococcus aureus. J Hosp Infect. 2004; 58: 104–108. https://doi.org/10.1016/j.jhin.2004.
06.010 PMID: 15474180
43. Snyder GM, Thorn KA, Furuno JP, Perencevich EN, Roghmann M, Strauss SM, et al. Detection of
methicillin-resistant Staphylococcus aureus and vancomycin-resistant enterococci on the gowns and
gloves of healthcare workers. Infect Control Hosp Epidemiol. 2008; 29: 583–589. https://doi.org/10.
1086/588701 PMID: 18549314
44. Morgan DJ, Liang SY, Smith CL, Johnson JK, Harris AD, Furuno JP, et al. Frequent multidrug-resistant
Acinetobacter baumannii contamination of gloves, gowns, and hands of healthcare workers. Infect Con-
trol Hosp Epidemiol. 2010; 31: 716–721. https://doi.org/10.1086/653201 PMID: 20486855
45. Ajao AO, Johnson JK, Harris AD, Zhan M, McGregor JC, Thom KA, et al. Risk of acquiring extended-
spectrum β-lactamase–producing Klebsiella species and Escherichia coli from prior room occupants in
the intensive care unit. Infection Control & Hospital Epidemiology. 2013; 34: 453–458.
46. Huang SS, Datta R, Platt R. Risk of acquiring antibiotic-resistant bacteria from prior room occupants.
Arch Intern Med. 2006; 166: 1945–1951. https://doi.org/10.1001/archinte.166.18.1945 PMID:
17030826
47. Passaretti CL, Otter JA, Reich NG, Myers J, Shepard J, Ross T, et al. An evaluation of environmental
decontamination with hydrogen peroxide vapor for reducing the risk of patient acquisition of multidrug-
resistant organisms. Clinical infectious diseases. 2012; 56: 27–35. https://doi.org/10.1093/cid/cis839
PMID: 23042972
48. Barlam TF, Cosgrove SE, Abbo LM, MacDougall C, Schuetz AN, Septimus EJ, et al. Implementing an
Antibiotic Stewardship Program: Guidelines by the Infectious Diseases Society of America and the
Society for Healthcare Epidemiology of America. Clin Infect Dis. 2016; 62: e51–77. https://doi.org/10.
1093/cid/ciw118 PMID: 27080992
49. Bertollo LG, Lutkemeyer DS, Levin AS. Are antimicrobial stewardship programs effective strategies for
preventing antibiotic resistance? A systematic review. Am J Infect Control. Epub 2018 Feb 19.
50. Foster KR, Grundmann H. Do we need to put society first? The potential for tragedy in antimicrobial
resistance. PLoS Med. 2006; 3: e29. https://doi.org/10.1371/journal.pmed.0030029 PMID: 16398572
51. Porco TC, Gao D, Scott JC, Shim E, Enanoria WT, Galvani AP, et al. When does overuse of antibiotics
become a tragedy of the commons? PLoS One. 2012; 7: e46505. https://doi.org/10.1371/journal.pone.
0046505 PMID: 23236344
52. Paterson DL. The role of antimicrobial management programs in optimizing antibiotic prescribing within
hospitals. Clin Infect Dis. 2006; 42: S90–S95. https://doi.org/10.1086/499407 PMID: 16355322
53. Huang SS, Platt R. Risk of methicillin-resistant Staphylococcus aureus infection after previous infection
or colonization. Clin Infect Dis. 2003; 36: 281–285. https://doi.org/10.1086/345955 PMID: 12539068
54. Schechner V, Kotlovsky T, Kazma M, Mishali H, Schwartz D, Navon-Venezia S, et al. Asymptomatic
rectal carriage of blaKPC producing carbapenem-resistant Enterobacteriaceae: who is prone to
become clinically infected? Clin Microbiol Infect. 2013; 19: 451–456. https://doi.org/10.1111/j.1469-
0691.2012.03888.x PMID: 22563800
55. Calfee DP, Giannetta ET, Durbin LJ, Germanson TP, Farr BM. Control of endemic vancomycin-resis-
tant Enterococcus among inpatients at a university hospital. Clin Infect Dis. 2003; 37: 326–332. https://
doi.org/10.1086/376624 PMID: 12884155
Transmission of antibiotic resistance
PLOS ONE | https://doi.org/10.1371/journal.pone.0197111 May 14, 2018 14 / 14
